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I. Introduction

«Eg ~ This report summarizes work completed under Air Force Office
X of Scientific Research Grant 79-0060 to the University of New

;Li i Mexico. The grant spanned the period of February 1, 1979 to June
L 30, 1982. The Principal Investigator was Professor David M.
Woodall of the Department of Chemical and Nuclear Engineering at
O UNM. The research undertaken under the grant was performed

’ primarily at the Air Force Weapons Laboratory with the Advanced
Concepts Branch of the Nuclear Technology Office. A number of
%5 graduate research assistants worked with Professor Woodall on the
:; project, and their contributions are noted in the appropriate

., section of this document, Many of the members of the technical
staff at AFWL provided valuable assistance in the completion of

1 . '-I,.’*..,':/«: P AN T bh2an [ 7R3y ~
- this work. ~ o ’

~

- e mae

e "“--»The research’ undertaken under the AFOSR Grant included three
;g - related projects: the production and characterization of a dense
plasma target for a»RE§~P1asma and REB-Neutral Gas heating exper-
iment, the development.of plasma diagnostics for REB-Plasma and
- REB-Neutral Gas heating experiments, and finally, the development
j;: of soft x-ray diagnostic techniques of imploding liner experi-

- ments. This report has three principal sections, each of which
constitutes an independent report on one of the above topics.
Section II, "Eharacterization of a Dense Plasma Source,*/summa-
,25 rizes the results of the plasma gun research activities under-
taken. That work was in the plasma target production and charac-
- terization area for planned REB-Plasma heating experiments,to

o take place at AFWL. The work described was performed primarily
by Dr. L. K. Len in his dissertation research. Because of

programmatic modification of the use of the PR-1590 in the

intense beam program at AFWL, those heating experiments have not
- yet been completed.’ Section III, "Intense REB-Neutral Gas Heat-
ing Experiments,“’details the result of Qiggnostic development
o for experiments performed in this area,'a’t AFWL. Section 1v,




=

3

" }“Space and Time Resolved Spectroscopy of High Energy Density

L . Aluminum Plasmas,'bbresents results of such measurements made on
O]

:2{ the plasma produced by the SHIVA imploding foil experiment;gt
?fﬁ AFWL. The work detailed in sections III and IV was primarily the
NI effort of Dr. G. F. Kiuttu in his dissertation research. This
- document concludes with section V, an appendix containing a

'}: summary of technical presentations and publications supported by
-{E and/or reporting work under this grant. Because of the relative
o independence of each technical section, the references for each
‘x, section are independently numbered and follow each section.
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. , II. Characterization of a Dense Plasma Source

.. L. K. Len and D. Woodall

e There has developed recently considerable interest in the

l} “ anomalous heating of a dense plasma by a relativistic electron
beam [1-3]. Low power experiments [4] have indicated that the

oA relativistic two-stream instability can cause a significant en-

- hancement over the energy deposition expected classically. Cal-

o culations indicate that scaling to currently available power sup-

. plies would allow a plasma of 1018-102%¢m3 density to be heated

Sy to 30-50 kev. Our goal has been to produce a fully-ionized

' hydrogen plasma with a density of 2x10*%/¢m? and a temperature of

5-10 eV with small spatial gradients. That plasma is to be used

in a REB-plasma heating experiment with the low divergence, annu-

lar beam from the PR1590 [5]. The work reported here is in the

. operation and characterization of the plasma source for such an

- experiment.

{ A. Description of Experiment .

:,: _ . . Our experiments took place in the Plasma Physics Laboratory

- at the Electron Beam facilities at the Air Force Weapons Labora-

) tory. The plasma source used in the experiments is a co-axial
' plasma gun [6,7] which is capable of operating either in pre- .

- filled mode or puffed mode. In the prefilled mode, the plasma

;: gun chamber is operated with. a backfill of the desired gas at a

Eiz selected pressure, In this case the gun operates in the "snow-

@ plow" mode whereby the plasma sheath sweeps up the neutral gas in

;gj front of it and subsequently ionizes it.

Zi% In the puffed mode the chamber is evacuated to below

1 mtorr, and the gun discharge is initiated by the puffing of gas
“l into the back of the gun by an electromagnetic puff valve. The
puff valve is backed by a gas plenum pressurized to 20 psi of gas
and is operated with a capacitive discharge through a coil. \hen
a capacitor (40 uwfF) charged to 1-5 kV is allowed to discharge
through the coil, it opens up the valve for a short period (on
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the order of a msec) and the puff of gas that enters is capable
of filling the gun up to a few torr of pressure. In the puffed
mode, the gun operation is mainly via the deflagration process
with the gas discharge staying near the insulator. The various
components of the gun are shown in Figure II.1.

Figure I1.2 shows a diagram of the experimental sét-up. The
main capacitor bank is comprised of six 40 wF (10 kV) capacitors
connected in parallel. It is switched by using a krytron trigger
circuit and an ignitron switch. A crowbar circuit is incor-
porated to avoid unwanted LC ringing. The quartz windows of the
vacuum chamber are used for optical diagnostic access. The'p1as-
ma was fired in both operating modes into a longitudinal magnetic
field. Since the REB-plasma heating experiments are to take
place in 50-100 kG fields, it is necessary to inject the plasma
into such a field. The external magnet around the drift-tube is
capable of producing a field in excess of 50 kG. It is driven by
a set of twelve 180 uF (8 kV) capacitors. Timing of the firing
sequence is éccomp1ished by a Maxwell trigger-delay ggherator
unit. A1l measurements and signa1s‘are recorded on Tektronix
7000 series oscilloscopes.

The main objective of our experiment is to produce a high-
density, fully-ionized plasma target for a relativistic electron
beam (REB) heating experiment. The desired plasma parameters are
n > 10'® cm~3 at a few electron volts with small spatial gra-
dients. Since our REB machine (Pulserad 1590) produces a cold
annular beam, an annular plasma target is preferred.

In this paper, we report on studies of the longitudinal
injection of the plasma into a magnetic field and on the various
diagnostics for the measurement of the plasma density and temper-
ature. Our diagnostics include visible Tight spectroscopy
(Stark-broadening of Hg line), B-dot probe measurements,

Rogowski current monitors, bank voltage measurements, and streak
and framing photography.

R it m e e w .. RS CRCIRL CRCIR T I RO '.’_'.‘ e, AR
» JL. -.fL PRI .L‘-h}.h e -h.a}.n ‘.b b .LLL‘.-‘A'.A\_- h S TR LI AR




:
]

:

3

m. —///‘/
S\
3 Ne oA f = T._ i
ww N . : “ m
w~ LAWY 1~WWM

N |

v. . A ] ,

. L N— J /ﬁ/

5 /

3 \

r..

& .

’ J

Ry
W
e

uny ewsejd |eyxy-03 °|'I] 34nby4

H.. .t a"A. L A .-4

AN OIS )




FRES R )

3
)

A

-

LAt o bt e et L AL AL A TN A A

AR AN
et

RN

-

~

00 031y

I

MOONIM ~ ,////f

,;gf.:mczcozhoumm

Janl 141y0
. HNNJBA J11S¥7d

0

N3LSks
WANJUA

f

[

L3GWYL ZLYHND

3

BN\

638044 100-8

T~ UY3INYD

/

/

0334 sy9

WAYLS /9N TWUYS

juawabueaay (ejuawisadxy

*2°11 3aanbry

NN HWSUd

.
.....

........
.....

.......

LS N
3

St

LGRS

RO SORN

=* '.'
~



ARG SR SR A .'_‘T

2 . 1. Stark Broadening Measurement of the H8 Line of

(:_ ‘ Hydrogen
E;j A half-meter visible spectrogrpah (Jarrell Ash, Ebert scan-
;ig ning spectrometer, Model 82-000) was used to obtain a time-

e integrated spctrum of the plasma. The spectra were recorded on
- polaroid type 57 film (ASA 3000), and were then analyzed using an
:EI analysis scheme developed by Dr. M. Collins Clark of AFWL. The

0N program running on a PDP 11/60 digitizes the spectra (with the
use of a (Colorado Video) vidicon camera and an image di .-
l’« zer). The output is in two forms namely, a 2-D array o ~nten-
sities, and a plot of the special intensity along an en y

- scan, In order to minimize measurement errors (primari ic-
tronic noise in the vidicon system), the computer averages data

; over 1000 line-scans. Measurements were made for both the pre-
3 filled and the puffed modes of operation. These measurements
j?ﬁ ' were done with no external magnetic field. The drift tube in
L’u ' this experiment was stainless steel and the insulator used in the
{uJ . gun was quartz., Subsequent experimenf& were performed with
ﬁﬁ ' quartz and plastic drift tubes to observe the spatial variation
of plasma visible light emission.
:3: a. Prefilled Mode
'g The spectra for different prefilled pressures at 7 kV bank
_;: voltage are shown in Figure II.3. It can be seen that the plasma
ff: is quite clean, with only a small amount of Cu and Al Tines which
,:; originated from the electrodes of the gun. Those lines probably
?f appear late in time, after the discharge is over. Figures II.4
.}E (a), (b), and (c) show some spectra plotted by the PDP 11/60. As
-:i the density of the plasma increases, there is a corresponding
- increase of the Hg linewidth. The densities calculated are
K listed in Table II.1. Since the energy supplied remains constant
;;l (9 kV charge) as the prefilled pressure is being increased, the
i; N percentage of ionization drops (last column in Table II.1).
<
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Table II.1

Measured Versus Computed Plasma Density
as a Function of Prefill Gas Pressures

Measured Computed Gas
Pressure Plasma Dgnsity Number Dsnsity Percentage of
(torr) (em™") (cm™7) Ionization

0.1 6.0 x 103 6.0 x 105 100
0.3 1.8 x 108 1.8 x 10'® 100
0.5 3.0 x 1018 3.0 x 1018 100
1.0 5.6 x 108 6.0 x 108 93
2.0- 7.6 x 10'® 1.2 x 10%7 57.5
4.0 1.3 x 10%7 2.4 x 10%7 50
8.0 1.3 x 10%7 4.7 x 10%7 23

Note: Plasma gun being operated at 7 kV,.
12



b. Puffed mode.

In this mode of operation, the puff valve (which is backed
by a hydrogen gas plenum at 20 psi) is first fired, then at a
pre-selected time the gun bank is fired. With the puff-valve
capacitor charged to 1 kV, the final pressure in the gun chamber
is around 2 torr. Figure II1.5 shows the spectra obtained at dif-
ferent delay times (the gun being fired at 7 kV). Densities cal-
culated are shown in the graph in Figure II.5. Note the transi-
tion which occurs in the data with delay time. The early time
firing corresponds to the deflagration case, while the late time
corresponds to the pre-fill case (since the gas fills the gun
cylinder p}ior to gun discharge).

2. Injection into an External Magnetic Field

Plasma injection into an external magnetic field of up to 30
kG was examined in the prefilled mode. The stainless steel drift
tube was replaced by a plastic (Lexan) one to enable measurement
of the B-dot signal corresponding to plasma arrival. The origi-
nal quartz insulator in the gun was replaced.by a polycarbonate
(Lexan) insulator, due to delay in acquiring quartz replace-
ments. Visible line spectra obtained are shown in Figure II.6.
It can be seen that the Lexan insulator has introduced copious
amounts of impurities into the plasma. As the magnetic field in-
creases, the Hg linewidth decreases, indicating that the plasma
which penetrates the field has lower density. It can also be
seen that at high voltages, the linewidths are larger. Thus a
more energetic plasma penetrates more easily into the B-field, as
expected. For further work we have gone to a 20 kV gqun which can
operate at higher densities and higher total energies.

3. Framing and Streak Photography
Some framing and streak photographs were taken with a TRW
image-converter camera. A quartz target was introduced into the

13
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window region of the drift-tube as shown in Figure II.7. This
provided a target for the plasma, and the resulting scintillation
of the quartz was observed by the camera. Preliminary results
are shown in Figures I1.8, II.9, and II.10. A black mask covered
the view-port except for a horizontal slit, and the camera
streaked the image normal to that slit. As a result of placing
the quartz target diagonally in the chamber (Figure II.7), the
streak picture shows a different time of arrival of the plasma
across the image. These preliminary results show that the plasma
is relatively uniform, except for a possible m=0 oscillation.

4, B-Dot Loop Measurements

Only a limited number of B-dot measurements were recorded
for this bank configuration., Some results are shown in Figure
II.11. From the signals recorded, it is quite clear that as the
plasma enters the region it excludes the field. However, while
travefsing the magnetic field region, the field is able to-
diffuse into and is frozen into the plasma. wheﬁ_the plasma
leaves the magnetic field region it drags some field inwards
(indicated by the positive spike in signal 5 in Figure II.11).
Analysis of this data allows a measurement of plasma conductiv-
ity, hence temperature, in the field region. However, since the
field diffusion problem is non-linear, a detailed understanding
of the plasma behavior would require an MHD code simulation of
the experiment. Such a code has not been available for the
geometry of the experiment; therefore no further conclusions have
been drawn, .

B. Plasma Sheath Behavior

In order to understand the focal properties of the plasma
source which we have been using, we undertook measurement of the

plasma sheath characteristics inside the cylindrical barrel of
the gun. This entailed inserting a row of axially and azimuth-
ally spaced B-dot probes through the outer electrode of the

16
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Framing Fhotographs

Figure II1.10.
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plasma gun. We mapped the plasma current density in the gun as a
jl function of a number of the operational parameters of the gun

. system, We mapped out the regime of operation which has been
characterized as "deflagration" behavior, versus behavior

fit labelled at "snowplow." The gun used for these studies is shown

in Figure II.12.

et SASENRA o vl d & o a AR B A A e

In this series of measurements, the qun is driven by a
capacitor bank of 15 to 45 uF at *18 kV through a single spark
gap switch, The total gun current is between 75 and 150 kA.

praw e

Since the electromechanical puff valve is used in this case, the
time delay between the arrival of the gas at the position of the
timing spark plug and the triggering of the main capacitor bank

is varied from a few tens of microseconds to a few milliseconds. 1
In order to study the current sheath dynamics and the

- distribution of current within the coaxial electrodes, it is
S. , necessary to measure the time-varying magnetic field distribution
N within the gun. As with many other gaseous di'scharge experi-
ments, reproducibility is a major problem. This is especially.so
in the deflagration mode of operation where the intrinsic time
delay (jitter) in the gun may be quite large. To avoid this
complication in the data, each set of measurements is collected

SR Sl S 58—t AR, Ao Sn e TG

in one single shot. The spatial resolution is limited by the

number of available data recording channels (i.e., the number of
oscilloscopes). For the present measurements, only seven chan-
nels are devoted to the B-field measurement. An additional

channel is used for the Rogowski coil for monitoring the total
gun current, For qpst shots, an open shutter picture of the
interior of the plasma gun is also taken. .

The probes used for mapping the magnetic field are 4-turn
B-dot probes. A description of the probes, their construction

-
-
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and calibration is presented in an appendix at the end of this
section. The probes are installed 2 cm from one another, with
the first probe at 4 cm from the insulator at the breech of the
gun. Ten probes can be installed in each row covering almost the
entire length of the electrode, but only seven are monitored. In
some shots, probes at the same axial position but different
8-positions are monitored to check the symmetry of the current
sheath,

The open shutter pictures show that the discharge in the
plasma gun is very prone to spoke formation at small time
delays. Since open shutter photographs are time integrated, they
do not furnish any information on the time history on the
plasma. As such, we do not have any knowledge on when the spokes
are formed. Furthermore, if the spokes are rotating, then the
time integrated photographs will only show a uniform i1lumina-
tion. The signals recorded by the B-dot probes however, do not
differ much for shots'with or without spokes. Thus it is pos- ‘
sible that sﬁéh spoking occurs late in time (after the first half
cycle). ) '

The main objective of this section is to measure the mag-
netic field distribution axially and to use these measurements to
study the behavior of the plasma current sheath within the gun
under different operating conditions. In order to meaningfully
compare and correlate the signals recorded by probes at different
axial positions, it is absolutely necessary to have a common time
fiducial mark on each oscilloscope trace. A1l the oscillograms
are set to a common time scale, with reference to the time fidu-
cial mark, Once this is done, the traces can be overlayed on the
same graph to display the time of arrival at each probe posi-
tion. The data will then provide the basis for analysing the
plasma current sheath within the coaxial electrodes during the
discharge. Measurements have been done for both hydrogen and

24
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argon gas puffs. Each series of measurements consists of a
number of shots taken with a different time delay between puffing
in the gas and firing of the plasma gun. A typical set of data
is presented in Figures II1.13(a-d). As mentioned earlier, some
data has been collected for shots in which some probes are
mounted in different 6-positions but on the same Z-position to
provide a symmetry check on the current sheath. One such series
of measurement is displayed in Figures II.14(a-e). Each graph in
these figures is an overlay of eight traces obtained from one
single shot. The first trace (without symbols)-is the total
current flowing through the plasma gun, as measured by a Rogowski
coil Tocated in between the two end plates of the gun. The
remaining seven traces are integrated Bg-dot signals. (Note
that these Bg signals are normalized to units of amperes, with
a normalizing factor of 3%1 .)

o

In Figures II.14(a-e), the B-dot prébes monitored are desig-
nated as Bl,.82, B3, B4, B7, B7 and B7, which are respectively 4,
6, 8, 10, 16, 16 and 16 cm from the breech of the plasma gun.

The three B7 probes are at the same axial position, but are
mounted at 6-positions differing by /2 from each other. In
addition to providing a symmetry check, the amplitude and the
time of arrival of these three signals can also be used to con-
firm the proper calibration of our data acquisition equipment.

At long delay times (Figures II.14(a) and (b), the magnetic
signal recorded by each probe has a very steep rise, which is
typical of the well known snowplow mode of operation (see, for
instance, ref. 8 and 9). This implies that the current sheath is
very thin and it moves from the breech towards the muzzle at an
approximately uniform speed. The amplitudes and time of the
traces show good consistency, an indication that our data acqui-
sition and calibration procedure has indeed been carried out
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Figure I1.13(a)

L Current and B, Traces.
'@ Shot #7058306: Delay Time = 6.0 ms.
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Figure I1.13(b)

Current and Be Traces.
Shot #7058308: Delay Time = 5,75 ms.
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Figure 11.13(c)

Current and By Traces.
Shot #7058307: Delay Time = 5.5 ms.
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Figure I1.13(d)

Current and Bg Traces.
Shot #7058305: Delay Time = 5.0 ms.
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Shot #6298301: Delay Time = 10.0 ms.
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Figure I1.14(c)
Current and By Traces.
Shot #6298302: Delay Time = 2.0 ms.
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Current and 84 Traces.
Shot #6298304: Delay Time = 0.5 ms.
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correctly. For'these long delay shots, the magnetic field
profiles seem to be very symmetric. As the time delay is short- l
ened, one gets into a regime where the operation fo the plasma
gun is not well understood, namely, the transition region and the
deflagration mode.

N A anede Sl

At short delays, the magnetic signals rise very gently
implying that the plasma gun is operating in a mode which is
different from the snowplow mode observed in the long-delay
cases, This is the so-called deflagration mode of operation. In
this mode, the discharge quickly distributes itself across the
entire length of the electrodes, thus each probe picks up the
magnetic signal very early in time after the current starts flow-
iﬁ ing in the system. This speed at which the discharge distributes
4

itself within the gun should not be confused with that of the
current sheath speed as in the snowplow case. In the snowplow
operation, the speed measured by the time of arrival of the !

magnetic signal at each probe is equal to the speed of the

plasma and the speed of the current sheath which is the carrier
of the plasma. On the other hand, the situation is completely
different in the deflagration mode. For this case, the speed of
the magnetic front as measured by the probes is equal to the
speed of the plasma, but is not equal to the speed of the current
sheath. In fact, as will be shown later, the current sheath in

this case becomes somewhat stationary inside the coaxial elec-

trodes. The three B7 signals show that the current distribution
is not as symmetric as in the snowplow mode. These three signals
start at about the same time with comparable magnitude initially,
but Tater grow to differsnt amplitudes. The order of the signal
‘% size of the three signals is preserved from shot to shot, but the
) absolute values vary. This may be due to some preferred dis-
charge spots within the gun barrel or interaction of the plasma
with the probes (such as probe ablation). The transition from
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snowplow to deflatration is neither a well-defined nor a smooth
one. The only shot in the series of data presented here whose
data shows the characteristics of both the snowplow and the
deflagration modes is the one depicted in Figure II.l4(e). In
this shot, the data shows that the gun starts off in the snowplow
mode, but quickly changes into the deflagration mode of
operation,

In Figures II.13(a-d), and most other sets of measurement,
the B-dot probes monitored are those designated Bl, B2, B3, B4,
BS5, B6 and B7, which are respectively 4, 6, 10, 12, 14, and 16 cm
from the insulator at the breech of the gun. The delay time for
the set of data presented in Figures II.13(a-d) has been set
relatively long. Nevertheless, both modes of operations have
been observed. This implies that the time delay is not the only
factor dictating whether or not the gun will operate in which of
the two modes. The data- presented here is for argon, but similar
phenomenon has been observed for hydrogen. Other factors such as

the initial discharge may be of great importance in determining
the mode of operation of the plasma gun.
The Snowplow Mode

)
4
L
4
4
the initial gas distribution, gas flow velocity and the path of !
A
4
4
|
This mode of operation is normally accomplished by prefill- 4

ing the vacuum chamber with the propellant gas to a uniform pres-
sure before discharging the capacitor bank through the gun. In

the case of a puff system, a long delay time (long enough for the
gas to fill up the entire gun barrel) will result in a situation
similar to the snowplow case.

During the snowplow mode of operation, the barrel is uni-
formly filled with gas when the capacitor bank is fired, there-
fore the preferred path for the initial discharge to occur is
through the minimunm inductance path which is on the surface of
the breech insulator. There is usually a time lapse between

36
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the onset of current and the 1ift off of the current sheath from
the surface of the insulator. For the snowplow shots in Figures
I1.13(a) and (b), at the time lapse between the onset of current
flow in the system and the arrival of the sheath at the first
probe Bl (4 cm from the breech) is about 3.5 ps. Since the only
preférred path for the initiation of the discharge is on or near
the surface of the insulator, the snowplow mode tends to be the
most reproducible mode of operation,

By measuring the time of arrival of the signal at the
various B-dot probe positions, the speed of the current sheath
can be easily computed. In the case of an argon puff, the aver-
age snowplow velocity ranges from 2 to 5 cm us~l, The velocity
for hydrogen puffs is somewhat higher; it ranges from 5 to 15 cm
us~l, The velocity of the current sheath and hence the veloc-
ity of the plasma is dependent on the amount of gas in the gun
and the total initial energy stored in the capacitor bank. A
series qf static filled discharges has been carried out for
hydrogen at different préfi]ied pressures. The result is pre-.
sented in Table II.2.

. Table II.2

Hydrogen Snowplow Velocity
at 15 o and 18 kV

Pressure Velocity
(Torr) (cm/ us)
: 8.0 4.6
= 6.0 5.0

@ 4.0 5.9
2.0 8.0
10.3

14.3
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By fitting the data in Table 1I.2 to a power curve, it was
found that the plasma sheath velocity scales as p'0-41, where p
is the prefilled pressure in the gun. This relation falls
between the results obtained by Dattner [9] and Wilcox [10].
Their results predict a scaling law of p‘l/3 and p‘l/z,
respectively. Wolf, Sorrell and Nakagawa [11] however, found in
their computation results that the velocity should scale as
p'1/4 if the current sheath takes on a parabolic shape, and if
they assume a constant inductance for the system, then the veloc-
ity scales as p'l/z. .

The B-dot signal recorded on each oscillogram shows only the
evolution of the magnetic field at their respective probe posi-
tions in time. The signals from the various axial positions can
be combined to give a picture of the distribution of the magnetic
field over the entire length spanned by the probes. To do this
for any particular time of interest, one just needs to sample the
data points from each B-trace corresponding to the same time and
plot them against the z-position for each probe.' A seryes of
such cross-plots at different time values can be plotted to trace
the behavior of the magnetic field distribution in the coaxial
plasma gun during the discharge. Each of these plots can then be
differentiated to yield the distribution of the current density,
Jp, over the entire length of the electrode. To illustrate
this mathematically, consider two consecutive probe positions n
and (n+l), where the magnetic fields are Bp and Bp4; respec-
tively. The currents corresponding to the measured magnetic
field strength are:

27rB
_ n

1 =
n
uO
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)
ﬁ and
! ‘ . =2mﬂml
? . n+l My
. where r is the radial position of the probes (assuming that both
- are at the same radial position) and u, is the magnetic permea-
- bility. 1If the probes are separated by a distance Az, then the
- current density at that point is given by
::" J (, t) = Iﬂ"'l - In = Bn+1 - Bn
- n'=? 2nr Az ‘ quz

or

_ 1,48

A typical set of data for the snowplow analysed as descéibed
above is presented in Figures I[I.15(a), (b), and (c): Figure
11.15(a), similar to thé plots presented earlier, shows the seven -
integrated B-dot signals and the Rogowskﬁi signal overlayed on
the same pTot. All these traces have been aligned with respect
to the common time fiducial mark (not shown) incorporated into
each of the signals. It is obvious that there is a rather long
time delay between the Rogowskii signal and the first magnetic
signal. A possible explanation for this is that when the gun is
fired, it has already been uniformly filled to a high pressure
(> 10 Torr), so the breakdown threshold of the gas is high, and
the 1ift-off time may be long. Once the current sheath lifts off
of the insulator, it has to plow into a dense background; there-
fore it will be moving slowly. The c. -~ nt sheath remains very
well-defined even by the time it reaches probe B7. This is an
indication that there are no secondary discharges behind the main
current sheath., It can also be observed that the magnetic field
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Current and B Traces for Snowplow
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Figure IT.15(b)

Magnetic Field Distribution for Snowplow.
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o Current Distribution for Snowplow.
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does not vanish even when the Rogowskii coil is registering a
zero current. This is typical of the operation of coaxial plasma
guns (see, for instance, ref. 8 and 9). This may be due to some
transient magnetic field being frozen within the electrodes, due
to high conductivity.

Figures I1.15(b) is an overlay of a number of cross-plots
showing the magnetic field distribution in the gun at different
times during the discharge. The sampling times are at 1 us
intervals after the arrival of the sheath at the first probe.
The symbols on each trace are for trace identification purposes
6n1y. It can be seen from these plots that there is an obvious
magnetic front advancing from the breech towards the muzzle end
of the gun at a nearly constant velocity. Differentiating these
traces yields the current density within the electrodes. These
: are plotted in Figure II.15(c) showing the current distribution
?Z in the gun at 1 us intervals. It is very clear from these plots
that there is a current sheath about 2 cm in width, starting from
the breech and moving outward at an average-velocity of about 3
cm us~l, The gas used in this shot is argon.

The Deflagration Mode

In contrast to the snowplow mode of gqun operatjon, the
) deflagration mode can only be achieved in a puff system. The
jx most assured way of getting the plasma gun to operate in this

mode is to connect the capacitor bank directly across the elec-
trodes with no external switches. The gun itself acts as a
switch for the system. Discharge is initiated when the puff of
gas enters the inter-electrode region. If an external switch is
present in the system, it should be triggered just before the
puff of gas enters the inter-electrode region. If the switch is
triggered very early, before the arrival of the gas, the gqun will
33 not fire until enough gas has been admitted to reach the break-
down threshold. The waiting time is the intrinsic time delay of




the gun. It varies from shot to shot depending on the time at
which the switch is triggered and the condition of the gas feed.
Intuitively, one would expect to observe deflagration type dis-
charge only at small time delays; nevertheless, this has also
been observed in some cases where the delay time has been set
relatively long. In such cases, factors other than the time
delay between puffing the gas and firing the bank may be influ-
encing the operation of the plasma gun. Other factors that can
possibly affect the operation of the gqun are contamination of the
vacuum system (especially from the diffusion pump and exposure to
the atmosphere if the system is opened to air regularly), accumu-
lation of debris (especially if the gun has been operated for an
extended period of time), gas feed condition, uniformity of
initial neutral gas density, and the initial gas breakdown
position.

A set of deflagration data is analysed in the similar mgnner
as the snowplow case in the previous section. The plots are
presented in Figure I1.16(a), (b), and (c). From. these plots, it
is easy to see that the'operation of the plasma gun is different
from the snowplow mode. We recall for the snowplow case that the
gun is fired after a long time delay; therefore the gas puff will
have sufficient time to fill the plasma gun to a relatively high
pressure (> 10 Torrs) and distribute itself uniformly. In the
deflagration mode ‘however, the capacitor bank is fired early in
time, just as the puff of gas is entering the system through the
four injector ports at the breech of the gun. Here again, the
preferred path for the initial breakdown to occur is at the
breech where the gas is admitted. There is probably insufficient
time for the gas to spread out uniformly so the initial gas
distribution is very non-symmetric; hence there is a high proba-
bility of spoke formation as observed in the open shutter photo-
graphs. The current distribution in the plasma sheath will also
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g be non-symmetric. This indeed is the case as shown in earlier
!?\ sections. Another significant difference for the deflagration
ig; mode is that there is a vacuum in front of the discharge. No

3if shock waves are generated, so the plasma temperature and hence
S the electrical conductivity of the plasma remains low. As a

i result, the current is very diffused, as is the magnetic field.
;?; The ions and electrons formed in the discharge region are accel-
o erated outwards via the Ex8 interaction. The plasma accelerates

and expands into the vacuum region in front of the discharge,

- providing current carriers which quickly spread the current

ZEj across the entire length of the electrodes. This can be easily
fjv deduced from Figure I1I.16(a) which shows that each probe picks up
.ii its magnetic signals very quickly. The speed of the deflagration
’\{ plasma is much faster than the snowplow plasma, as is evident by
‘e : the closeness of the Bg-traces in Figure II.16(a). For the
Jif shot analysed here, the axial speed of the discharge is about 11
?“' cm us~l as opposed to 3 cm us™! for the snowplow data in the
& . previous section. As a new supply of-neutral éas continuously
f&: enters the gun at the breech, new discharge current channels are
;53 continuously formed there and spreading downstream.
':? Formation of new discharge channels at the breech is pos-
N sible in the deflagration mode because of two reasons., First,
}i: the puff of gas travels about 40 cm from the pulse valve to the
ﬁi injector ports. As a result, the density gradient at the leading

edge is no longer steep by the time it reaches the gun. In fact
the gas density at the leading edge will have developed a finite
spatial gradient which allows for the selection of the optimum

: (Paschen minimum) breakdown point in the density profile.

ii Second,the electrical conductivity of the plasma in the discharge
_ﬂ region is low; consequently, the impedance of the path near the

: breech of the gun will be the lowest. The combination of these
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two effects makes the continuous formation of new discharge at
the breech possible. This discharge process thus produces a
current sheath that is broad and quasi-stationary within the
electrodes. Since we do not have a thin sheath carrying all the
current and moving downstream, we do not have a sharp rise in the
Bg-signals as observed in the snowplow case.

The variation in time of the Bg-signal is shown in Figure
I1.16(a). Figure I11.16(b) shows the magnetic field distribution
in the gun at 1 us intervals. Unlike the snowplow case, there is
no steep front propagating away from the breech. The profile of
the magnetic field distribution remains almost unchanged as the
magnitude varies in accordance with the current flowing through
the gun. The derivative of the field distribution yields the
distribution of the current density. Figure I1I1.16(c) shows the
current distribution inside the gun at 1 us intervals. As
expected, there is no evidence of any moving current sheath. On
the contrary, the current is distributed over a broad region and
it remains stationary within the e1ectrodés as its magnitude )
changes in time. ' The slight irregularities in these plots are
the result of low spatial resolution measurements using only a
few probes (2 cm apart).

As mentioned earlier, the deflagration-type discharge is
sometimes observed even at long delay times. A possible explana-
tion rests on erratic behavior of the gas puff valve system which
occasionally malfunctions. Regular gas front evolution measure-
ments could not be made on the discharge shots because of the
destructiveness of the energetic plasma to detection components.

The Transition Mode

The transition from snowplow to deflagration is very diffi-
cult to study because the result is not reproducible and the
transition process does not occur very frequently. In practice,
the gun usually operates in either the snowplow or the
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deflagration mode, seldom in the transition mode. In studying
the transition region, the delay time is set such that the gun is
only partially filled with gas when the capacitor bank is fired.
In this situation, the distribution of the gas inside is still
not uniform. The minimum impedance (not inductance) path is not
fixed, but depends on the initial condition of the distributicn
of the gas. We know that the minimum inductance path is the one
over the breech insulator while the Paschen minimum for gaseous
breakdown is most likely to be located at . the middle of the elec-
trode where the gas front is. These two positions will be
competing for the initial breakdown, which will take whichever
path that has the minimum impedance (the combined inductance and
resistance).

When the capacitor is discharged through the gun, one of two
processes will occur depending on the initial position of the

‘discharge. If the initial breakdown occurs at the front of the

gas puff, then the gun will operate in the deflagration mode. -On
the other hand, if the initial dischargé strikes at the breech of
the gun, then we will have a situation quite similar to the snow-
plow initially. The only differences are that the gas density is
lower and less uniform, and the gas feeding rate is lower. The
shock wave that results from the discharge is moving into a
decreasing density; hence it is not as strong. Thus the elec-
trical conductivity of the plasma should be relatively low. As '
the current sheath plows forward, fresh supply of neutral gas is
fed into the gun. The current sheath in this case is still being
fed at a lower rate by the leading edge of the gas puff which has
a gentle density gradient. Thus the electrical breakdown thresh-
old is low because of low gas density. As the current sheath
plows forward, secondary discharges will occur behind it, spread-
ing through diffusion of magnetic field to fill up the region
between the breech insulator and the snowplow current sheath. As
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more and more current flows near the breech region (where the

inductance is lower), the snowplow becomes less and less effec-
tive. By the time it reaches the position of the probe B7, it is
not much of a sheath any more. The set of data that exhibits
these characteristics has been presented in an earlier s¢c-.ion in
Figure II1.14(e). It can be seen very clearly that the Bs-traces
exhibit both snowplow and deflagration features. The data is
analysed and shown in Figure II.17(a) and (b).

If the region behind the snowplow current sheath is not
filled with secondary discharges, then we will have a very inter-
esting situation in which the initial gas in the gun (constant
mass) will be accelerated by the JxB force outwards. It will be
a classic example of the so-called slug model [12, 13]. In that
case, the Bg-signals should look exactly like the snowplow mode
and the current sheath should move at a faster speed. Further
deta¥ls of the work presented in this section are given in
reference [14]. .

.
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Appendix to Section II
MAGNETIC PROBE CONSTRUCTION AND CALIBRATION

Each of the magnetic probes used in this experiment has an
average diameter of 2 mm and consists of 4 turns of 32 AWG copper
wire protected by a ceramic tube. The size of the ceramic tube
is 2.5 mm ID by 4.8 mm 0D by 2 inches. One such probe is shown
in Figure A-1. These probes are calibrated in a Helmholtz coil,
which is comprised of two coils separated at a distance equal to
the radius of the coils. For the Helmholtz coil constructed for
the present experiment, there are two turns in each current .
loop. The coils arg wound on a lucite structure as shown in
Figure A-2., 1t is driven by a 1~ F capacitor, charged to 5 kV.
The magnetic field in such a device is given by

B, =B I1 - 18 [3("? - za(")z(z)2 + 8(2)4] + § (A-1)
z "~ Czol" TIZ [°® R ® R e
3.4 =g )12 Xz 4(2)2 - 3(")2 + | (A-2)
x ~ T20\125 2 [TR ROt - b
M
Bzo == x 0.715 Tesla , (A=3)

where N is the number of turns in each loop, R is the loop
radius, x and z are the perpendicular and axial displacements
from the mid-point of the Helmholtz coil. The magnetic field is
very uniform in the vicinity of the axis. The field inside is
plotted in Figure A-3,

In-situ B-dot Probes Calibration

It has been found in the course of these experiments that
installing the probes at the exact radial position and
8-orientation is very difficult. These probes are all hand-made
by inserting the coil into the ceramic tube and then sealed with
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Figure A-1

B-dot Probe.

For our device, the field should have a deviation of less than 1 4.

Since N = 2, I = 2937 A, and R = 5 cm, we should have B, = 1056 gauss.

56

PRTLIY AT ICL IR, AR WU B e e N e N e AN L N N e T

--------------
-----------

Ca e ats p S > N maa'e ﬁ...L‘.L.l_‘.A‘- A_._.X._\‘:--l A _2.- PVRG TR, \.',\' AT At T e Lt e e e TS e T, _1




S Ul g Py

-

910!\“
- -
lill'ﬂ.!lll..ll\\

N
A

Figure A-2

Helmholtz Coil.
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epoxy. The position of the coil within the ceramic tube may vary
slightly from one probe to another. Even after all the probes
have been carefully installed in the gun, the positions may still
be disturbed slightly when the signal cables are attached and the
vacuum system is assembled. To get an idea of how much error can
be introduced, let's take a 2 mm and 20° error in probe

position. The current and B-field relation is given by

[ = 2mrB (A-5)
uO
SO
AL &, 8 6
_‘ 2_mm _ ° .
=92 + 7% =

16%. .

The error is more jmportant still when probe data is correlated
to obtain the current distribution over the length of ‘the gun,
since adjacent signals are subtracted.

A simple way to overcome this problem is to calibrate the
probes in situ after installation is complieted prior to the
experiment. This is done by shorting the gun at the muzzile end
with symmetrically placed grounding straps which are connected to
the electrodes by means of hose clamps as shown in Figure A4,

The plasma gun chamber is evacuated to prevent any electrical
discharge inside the gun barrel which would most definitely spoil
the calibration. The capacitor bank is charged to an
appropriately low voltage and switched onto the shorted gun.
Since the gun is under high vacuum, there can be no plasma
discharge within the gun barrel, This is verified by monitoring
with an open shutter camera. Thus the current will only flow
through the electrodes and through the grounding straps at the
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Figure A4

Short-Circuiting at the Gun Muzzle
Using Grounding Straps.

*

muzzle end. The signals from the B-dot probes are integrated at
the oscilloscopes and are then calibrated against a standard
current monitor (PI CM-1-T). The procedure must be repeated
whenever the probes are disturbed or reshuffled. A set of cali-
bration data is shown in Figures A5 and Figure A6. The data from
different probes has been overlayed in one graph and the peak
values of each plot used for computing the calibration factors.
These calibration factors allow us to scale the oscillogram
signals directly to current without having to calculate the
magnetic field first.
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IIT. Intense REB-Neutral Gas Heating Experiments

G. F. Kiuttu and D. Woodall

As a prelude to studying the interaction of a Relativistic
Electron Beam with a plasma, we examined the results of beam in-
jection into a neutral gas [1]. This section will describe those
experiments, with primary emphasis on the diagnostics which were
developed to examine the resulting plasma. In particular, we
wished to investigate the measurement of the Stark-broadened
hydrogen Hg spectral line as a beam-plasma electron-density
diagnostic.

For most of these experiments, the PR 1590 (REB machine)
was configured with a 5 cm diameter solid cylindrical cathode
tip, a 2 to 5 cm vacuum diode gap, and a carbon-coated 25 um
thick Kapton anode foil. The polycarbonate anode foil permitted
injection of the 6 MeV, 100 KA beam into a 30 cm diameter, 3 m
long stainless steel*drift tube, backfilled with neutral hydrogen
gas at pressures of one torr to several hundred torr. The low
effective Z of the foil kept anode scattering, and hence beam
temperature, low. In addition to the usuéi Rogowski c¢oil current
moni tors and diode voltage monitor, a carbon calorimeter and
0.5 m visible spectrometer were routinely employed to measure
transported beam energy and Hg profiles, respectively.

Stark-broadening theory for the hya.ogen Balmer spectral
lines is well understood [2,3] and has been verified in arc dis-
charge experiments [4]. In particular, the Hg (2s - 4p) tran-
sition exhibits a FWHM which scales as ne3/2 egsentially
independently of temperature, over the range 102 - 1017 elec-
trons/cm3 and a fraction of an eV to several eV (Figure III.1).

Furthermore, this line lies in the blue region of the visible
spectrum (4861 A) and is relatively well isolated, making it an
attractive candidate for an electron-beam plasma-density diagnos-
tic. To measure the Hg linewidth a Jarrell-Ash stigmatic 0.5m
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spectrograph was set up to view the beam propagation channel per-
pendicular to the drift tube axis (Figure III.2). The
spatially-resolved Hg profiles obtained were converted to

radial profiles via an Abel inversion [6], and the half-widths
used to determine radial electron-density distributions.

1. Spatially-Resolved Stark-Width Measurement Technique

........

Preliminary to taking data, the spectrograph was aligned
according to the procedures outlined in the factory manual. In
addition to adjusting the focus and optimizing the resolution,
the variable entrance slit width was calibrated using the dif-
fraction pattern produced by a He-Ne laser. For most experi-
ments, the slit was set at 200 im, giving an instrument resolu-
tion of approximately 3 A. Kodak Royal X-Pan 4 x 5 in. cut film
was selected to record the spectra because of its high sensitiv-
ity. The film speed was pushed by development for 4 min in the
Kodak D-19 developer. The spectrograph exit plane dispersion and
relative film response were measured in situ'using a neon cali-
bration lamp at several wavelengths near hydrogen Hg. The
instrument dispersion was found to be 16.06 A/mm in the vicinity
of 4861 A, To determine the relative film response, the calibra-
tion spectra for different exposure times were scanned with a
diffuse microdensitometer (Perkin-Elmer). The relative expo-
sure§, in optical density units above background fog, were found

to obey the simple empirical relationship

D=a+blint, : (1)

where D is in optical density units, t is the exposure time in
seconds, and the parameters a and b were determined from linear
least-squares fitting of the data. Table 1 shows the values of
the fitting parameters obtained at selected Ne wavelengths. From
these values, a and b for the Hg line at 4861 A were estimated
to be -0.43 and +0.2, respectively.

To match the f/8 numerical aperture of the spectrograph,
external optics consisting of two 45° mirrors and an apertured
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Fitting parameters for Kodak Royal X-Pan relative
film response at selected wavelengths.

A a

(R

4715 -.2207

+.,2284

4837 -.3438

+.2243

4876 -.4826

+.1964

4914 -.3775

+.2426

5031 -.3609

+.2728

5037 -.1290

+.4460
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150 mm focal-length lens were*usad to image a 1.5 mm long section
of the plasma channel onto the entrance slit with a magnification
of 0.14,

A carbon calorimeter located at the end of the drift tube
and Rogowski coils mounted along the inside of the tube measured
transported beam energy and net beam current, respectively.
Additionally, for several shots, a plastic witness foil was taped
to the anode to record the injected beam intensity pattern.

Hg spectra were recorded at fill pressures of 1, 2, 5,

10, 20, 50, 100, and 200 torr. A typical recor& is shown in Fig-
ure III.3. Determining the radial electron density profile from
such a record involved the following steps. First, the record
was microdensitometered and the optical density stored as a
function of position in a 200 by 100 array on magnetic tape. The
microdensitometer spot size was 100 um square, and the resulting
image field was 2 c¢m in the spatial (x) direction and 1 c¢m in the
dispersion (y) direction. Next, the data was transferred to a
POP 11 data file for interactive analysis performed by a sequencé
of processing subroutines. The first of these scanned the data
field and subtracted out the backgrocund fog density. The next
converted optical densities to relative spectral intensities,
I(x,y), using the film response calibration information of
Equation (1). At this point it was necessary to transform the
spatial intensity profiles to radial emissivity profiles by Abel
inversion. Since the Hg line is an optically thin transition,
the intensity of the line at the detector (entrance slit) is the
line integral across chords of emitting disk as shown in Figure
II1.4. If the emissivity is assumed to be azimuthally uniform,
the intensity is given by

(t‘§-><2)1/2

r

0

I(x) =2 f Celr) dz = Zf Cretr)/(r? - 227 ar
0 X
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where ¢ is the emissivity, ry is the plasma radius, and the
plasma is observed in the z direction. The radial emissivity
profile is then given by the Abel inversion integral,

r -
0
e(r) = - l" f gI(X)éd’l‘IZ dx . (3)
r (x® = r%)
-5' Thus, at each wavelength location (y location on the film),

the spatial (x) intensity distribution had to be inverted accord-
ing to equation (3). This was accomplished by first calling a
subroutine which fits a polynomial to the data Iy(x),

N: K

Iy(x) = EE% X (4)
A where N was determined by minimizing the reduced chi-squared val-
:SZ ' ue of the fit for 1 < N < 10 [7]. To ease the job of fitting,
Ef the Iy(x)'data was split into two halves, Ip(x) and Ip(x),

and each fit separately, as shown in Figure III.5. By comparing

fﬁ ) the two halves, we were able to check for azimuthal uniformity in
ig a gross fashion. With Iy(x) represented by polynomials, the
:{ inversion integrals were performed analytically by another sub-
o routine which made use of formulae from tables of integrals
Z; . [8]. Finally, the resultant ej(r) and eg(r) were reconsti-
23 tuted as wavelength profiles at different radii and plotted as in
! Figure II1.6. From these profiles, the half-widths were esti-
e mated and corresponding electron densities determined and
?j plotted.
=
i; 2. Results of Measurements
(] Figure III.7 shows a plot of net beam current and total
E: transported energy versus fill pressure. Ipat is monotonically
:: increasing with pressure, whereas energy transport is peaked at

20 torr, with significant energy transported up to 100 torr. The

increasing net current indicates a decreasing plasma current
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neutralization, as one would expect, since collision rates (and
therefore, resistivity) are increasing with density. The peak in
transported energy is consistent with the physical picture of a
transition to quasi-stable pinched beam propagation as the
current neutralization falls below the charge neutralization,
allowing self-fields to create radial forces. This interpreta-
tion is substantiated by the Hg records, which show plasma
diameters of approximately injection size (Figure I1I1.8) for
pressures below 20 torr, and diameters less than 1 cm for pres-
sures of 20 torr and higher.

Finally, the results of the Stark-broadened profile analy-
sis for the 20 torr shot are shown in Figure III.9. Although
there is significant scatter in the interpreted densities, one
may infer a peak density of slightly greater than 10'® elec-
tronS/cm3, or about 1 percent of the hydrogen atom number density
for a room temperature fill of 20 torr. Similar values of -peak

‘ne were obtained up to 100 tofr, after which the line intensi-
ties were too low to allow quantitative analysis.

Although thé analysis technique described above usually
produced believable electron density estimates, there were cases
for which the Abel-inverted Hg line profiles bore little or no
resemblance to any realistic profile. This was especially true
in the line wings and plasma boundaries where intensities were
low and signal-to-noise ratios poor. [t has recently been sug-
gested that an improvement in the Abel inversion can be achieved
by using a cubic spline fit minimizing variations in the first
derivative for the spatial intensity data rather than using a
polynomial fit [9]. It may be, however, that these experiments
are inherently azimuthally nonuniform and, therefore, inappropri-
ate for Abel inversion at all [10]. Perhaps, in this case, the
superposition of data from many cumulative shots could be used to
obtain average density profiles. Further details of the work in

this section are presented in Reference [11].
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IV. Space and Time Resolved Spectroscopy of High Energy Density

Aluminum Plasmas

G. F. Kiuttu and D. Woodall

A. Introduction

Development of a laboratory source of intense x-rays suit-
able for nuclear weapons effects simulation is a high priority
for Air Force sponsored research. Such a source must be a very
high energy density plasma. It has become increasingly evident
that a thorough understanding of the complex nature of plasmas is
required to assemble them in a fashion which results in a high~
power radiation burst.

Although theoretical models of plasma behavior have been
developed from physical principles, they have had limited success
in predicting laboratory plasma behavior. As a result, plasma
diagnostics have become indispensable, both as a means of obtain-
ing empirical information about real plasmas and as a means of
substantiating or disproving theoretical and ca1cu1at}ona1
models. “ '

Plasma radiation diagnostics, especially, have evolved to a
position of paramount importance, since they involve measurements
of the plasma at a distance. Other diagnostics either require
insertion of a perturbing probe directly into the plasma (clearly
unacceptable for physically small, highly transient) or yield
only electrical information, such as current through, voltage
across, or magnetic field near the plasma.

For inertial confinement, or simulation, plasmas with peak
temperatures of about 10° to ‘107 K, much of the radiation is
emitted at wavelengths corresponding to the characteristic plasma
energy, placing it in the soft x-ray portion of the spectrum
(~1 A to 100 A, or ~100 eV to 10 keV). With a suitable
model for radiation emission and transport, x-ray spectroscopy
can yield estimates of the temperature and density of the plasma

source, These two quantities are of fundamental importance in
evaluating the effectiveness of any plasma.assembly scheme.
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Fortunately, much effort has been concentrated in the area
of plasma spectroscopy. Relatively sophisticated collisional-
radiative (CR) models have been developed [1-19] to account for
experimentally observed spectra in a consistent manner. As the
calculations have become more refined, the degree of consistency
has improved, but only to a limited extent. Whereas, ideally,
one would integrally couple the radiation model to a detailed
magnetohydrodynamic (MHD), particle-in-cell (PIC), or other
complete temporal and spatial simulation of the plasma, the
magnitude of such an endeavor with existing computing capability
renders it impossible. Instead, instantaneous, or steady-state,
radiated power spectra are usually calculated assuming a uniform
temperature and density for a single elemental species in a
simplified (usually one-dimensional) geometry. The shortcomings
of this approach are obvious, as the laboratory plasmas of inter-
est cannot be described in such a simplistic fashion,

Another reason for the differences between theoretically
pred%cted and experimentally observed spectra is that because ICF
(inertial confinement -fusion) and simulation plasmas are physi-
cally small (<1 cm3, and usually < 1 m3) and highly transient
(<1 usec, and often < 1 nsec), the experimental spectra have
necessarily been recorded time- and space-integrated. That tem-
poral and spatial variations of temperature and density will
significantly affect the spectral signature of a plasma can be
seen by the following heuristic argument. Consider a blackbody
radiator. The spectral output is given by the Planck function,

I,(A) = 2 hczx"s[exp(hc/xkr) - 177! , (1)

where I, is the energy radiated per unit time t, per unit area
A, per unit solid angle @, per unit wavelength A. h is Planck's
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constant; ¢ is the speed of light; and k is Boltzmann's con-
stant. If one assumes that temperature is an arbitrary function
of time, T(t), the time-averaged spectral output over the time
interval At = t; -~ t; is given by

t
T, = l—-_[ 2 dt' I,(xt')
Y X AL
Y

t
2 f£2
2he
= = dt' {explhc/AkT(t')] - 1} .. (2)
At '/:1

In general, Equation (2) represents a different spectral (1)
dependence from the original Planck function, and there is no a
priori reason to believe that the time-averaged function

t

1 % .. \
Tt‘.[ dt' 1,0, t')
Y

will resembly I (A, t) for any "average" value of T.

K-shell spectra of highly-ionized (one and two electron)
aluminum (Z = 13) plasmas have routinely been recorded [20-25] on
photographic film (Figure IV.l) using convex curved crystal (de
Broglie spectrographs [26-28]. Dispersion relations for radiat-
ing point sources have been derived by Henke and Tester [29] and
Burns [30], and for extended sources by Kastner [31], Kiuttu
[32], and Gersten and Rauch [33]. For aluminum K-shell measure-
ments ( 5 to 8 A), KAP (potassium acid pthalate) crystals (2d =
26.6 A) are normally used. Their reflectivity and rocking curve
(spread in reflected angle from a point source) [34,37] have been
measured. Recording films have been Kodak Medical No Screen
[38], Kodak RAR 2490 [39], and, more recently, Kodak RAR 2497
[40] and Kodak RAR 2492 [41].
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Recently, Duston, et al., [17], have shown that temperature
and density estimates from the slope of the recombination con-
tinua and various line ratios for plasma with spatial gradients
are suspect. They have also shown [13] that density estimates
based on the ratio of the helium-like intercombination line (1s2
- 152p3P) to resonance line (1s2 - 1s2p !P) intensities are highly
sensitive to opacity effects [42,43]. It may be concluded, then,
that to correctly diagnose plasma temperatures and densities, the
spectroscopy must be performed with both temporal and spatial
resolutions. In addition the plasma radiation model calculations
must be able to include plasma attenuation of its radiation
(opacity) and arbitrary temperature and density distributions in
realistic geometries.

The objectives of the present study were to demonstrate two-
dimensional space-resolved soft x-ray spectroscopy of hot, dense,
aluminum plasmas formed in the Air Force Weapons Laboratory's
SHIVA electromagnetfc implosion device [42-44],. and to evaluate
methods of obtaining detailed time-resolved spectra of these
plasmas. The remainder of this report is organized as follows.
In Section B, we describe the "dispersion imaging" technique
(33,45-47]; we present data and results employing this technique
in Section C; we describe several approaches to time-resolved
spectroscopy in Section D; and finally we summarize in Section E.

B. Two-Dimensional Space-Resolved Spectroscopy

Conventional diffraction for a monochromatic point source
and convek curved Bragg crystal, such as used to generate the
spectrum of Figure IV.1, is shown in Figure IV.2. Diffraction
for crystals is governed by the familiar Bragg relationship,

nx = 2d sin 8 , (3)

where n = 1,2,3,... is the diffraction order, X the wavelength, d
the lattice spacing of the crystal (2d = 26.6 A for KAP), and o
is the angle of incidence and reflection with respect to the
surface tangent.
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If the monochromatic source is finite in extent, application
of Equation (3) for the appropriate geometry results in a spread-
ing of the image in the dispersion direction, as shown in Figure
Iv.3. whéreas this finite source size broadening is deleterious
for line profile analysis [48] and density estimation from series
mergence [33,49-54], it can be used advantageously when all other
broadening mechanisms (for example, Stark and Doppler effects)
are comparatively small, Then, for monochromatic radiation, the
source emissivity is mapped one-to-one in the dispersion direc-
tion along the film arc.

The derivation of the general dispersion relation for
extended sources and convex curved crystals is found in Reference
[32]. Figure IV.4, a plot of film image location versus source
displacement for two different wavelengths and three source-to-
crystal distances for a typical KAP spectrograph demonstrates the
linearity of the mapping. The dispersion magnification (A%/4a)
is plotted as a fqution of wavelength for a source-to-crystal
distance of one meter in Figure Iv.5. Figuré IV.6 shows the film
arc location as a function of wavelength for the special case of
a point source with no transverse displacement. All three
figures are plotted for a KAP crystal with 2.54 cm radius of
curvature mounted tangentially to the line drawn between source
center a.d film arc center. The film arc radius is 5.73 cm.

In order for dispersion imaging to work, the spectral line
width due to dispersive mapping of the source must be much
greater than the width due to all other broadening mechanisms:
natural line width, c¢rystal rocking curve broadening, Doppler
(thermal) broadening, and Stark (pressure) broadening. Stark
broadening of the aluminum lines of interest at plasma tempera-
tures of about 100 eV and electron densities below about 1022
em=3 is negligible [55], as is resonance broadening [56]. From
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classical theory, the natural line profile is Lorentzian in fre-
quency, with a FWHM in wavelength given by

(ax) = %:3? , (4)
0

or approximately 10~“ A, Doppler broadening is Gaussian in
frequency, and has a FWHM in wavelength given by

1/2 2kT,
2(1n 2) i
= N (5)

0 mf .

(a3, =

where T{ and m; are the ion temperature and mass, and i, is

the central wavelength of the line. For a temperature of 100 eV
and a wavelength of 8 A, the FWHM is only about 10-3 A, or from
FigureeIV.6, the film AR is about 5 um. Opacity broadening
results from self-absorption.of a given spectral line by nonlocal
.idhs of different temperature and/or density. Thus, the absorp-
tion profiles differ from the emission profiles. In particular
for lines emitted in a hotter, denser core, the central portion
of the line is preferentially absorbed by surrounding plasma,
resulting in an effective broadening of the line [57]. No simple
expressions exist for the magnitude of this effect, but high
resolution spectroscopy suggests that for most lines of interest,
it is not significant. Finally, the published value of the FWHM
of the KAP crystal rocking curve [37], 3.4 x 10~" radians,

yields a spread of about 20 wmn for a film arc radius of 5.73 cm.
By comparison, a 1 cm diameter source at 100 cm would produce an
image length on film of 714 um at the helium-1ike resonance line
wavelength 7.757 A, Thus, the criteria for dispersion imaging
are satisfied, and a spatial resolution of about 3 percent (due
to the crystal rocking curve) is realized.
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i? Spectrogaph image curvature aberration (due to path length

{- . . differences for rays with components parallel to the crystal

- axis) has been evaluated and found to be insignificant. A deri-

E: vation for a worst case (1/4-in, diameter crystal mounted concen-

;3 tric with the film arc) is presented in Appendix 1V.B.

= To achieve spatial resolution orthogonal to the dispersion

ot direction, a simple imaging slit (one-dimensional pinhole) is

‘fé ‘ placed between the source and crystal and oriented normal to the

‘% crystal axis. The slit-imaging optics are illustrated in Figure

:' IV.7. The slit magnification, Mg, is seen to be

o )

;5 Ms =’Tg ’ (6)

» 1

AE and the relative geometrical resolution given by

;

= o =3+ . (7)

- s

& For a slit width, d, of 100 im, source size, a, of 1 cm, and Mg

.:f = 0.1, a resolution of 11 percent results, and can be reduced by

ff decreasing the slit width or increasing the magnification. Note
that at the wavelength of interest and slit widths >100 um, dif- ‘

?:i fraction effects are negligible.

'} The imaging spectrograph used in the present experiments is

-

_E shown in Figure 1V.8, with its crystal and mount, and slit/
filter assembly. In normal operation, the spectrograph housing
is covered for operation in vacuo (<10-3 Torr) to prevent

;u attenuation of the soft x-rays by air in the system. A combina-
- tion light-tight slit/filter assembly is mounted within the 5 cm

diameter vacuum tube between the source and spectrograph hous-
ing. The filter consists of thin Kimfoil or Formvar plastic or
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- polyamide (Kapton) with a 1000 thick vacuum vapor-deposited
; ‘ layer of aluminum to block visible 1ight. A typical filter x-ray ‘
LE transmission function is shown in Figure IV.9., The KAP crystal 1
_; is approximately 500 um thick and 1 to 1.25 cm wide and is j
- mounted on a 20° of arc 2.54 cm radius of curvature aluminum i
" form. The recording film is either Kodak RAR 2490 or Kodak
;? Medical No Screen, (35 mm format), which slides into the curved
- film holder cassette shown at the top of the spectrograph housing
in Figure IV-8(a).
ﬁj C. Analysis and Results
.;E Using the spectrograph and technique described in the prev-
5 ious section, several two-dimensional space-resolved spectra of
t- AFWL SHIVA I' plasma sources were recorded. The plasmas were
2; produced by discharging a fast capacitor bank (Figure IV.10)
;: . through an initially solid central load via low-inductance paral- !
- , lel plate transmission lines. In the first phgse of the dis- i
‘:- . charge, axial current flowing through' the thin cylindrical foil !
hJ load causes it to vaporize and then ionize, forming a Tow-temper-
:2 ature plasma. In the second phase, strong radial JxB forces
accelerate the plasma toward the axis, converting stored elec-
- trical energy into kinetic energy. In the final phase, the
i plasma collides with itself on axis, rapidly thermalizes and
E. emits radiation, with approximately 1 percent in hydrogen-like
= and helium-1ike aluminum K-shell radiation. Parameters for the
SHIVA 1' experiments are summarized in Table I.
3 Diagnostics routinely incorporated include x-ray photodiodes
E [58], x-ray pinhole cameras [59], thermocouple calorimeters, a
N fast pulsed bolometer [60], grazing incidence spectrographs [61],
. and electrical diagnostics (voltage and current) in addition to
: curved crystal spectrographs [62]. A schematic of the SHIVA
;T diagnostic geometry is shown in Figure IV.11., A photo of the
4 curved crystal imaging spectrograph installed below the load
% 100
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Table IV.1

.
o

SHIVA Parameters

Bank _capacitance
Charge voltage

Stored energy
Peak current

Current risetime
Load materials

Load radius
«Load height :
Load mass
Implosion time
Final velocity

Kinetic energy
conversion efficiency

Radiation yield

Radiation pulse width

Peak radiated power
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266 f

120 kv

1.9 MJ

7-12 MA

1.4 sec

aluminum, aluminum/plastic
5-7 cm

"2 cm
30-300 ug/cm?
1-1.5 usec

15-22 cm/ usec

15-25%
100-240 kJ
80-200 nsec
2 TH
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-~ chamber is shown in Figure IV,(12. Because of the low inductance
(} ] radial current feed geometry, diagnostic access was limited to
;iif the axial direction, and distances greater than about 1 meter.
:“;' Representative two-dimensional space-resolved aluminum
ﬁ;j2 K-shell spectra completely analogous to Figure IV.1 are shown in

)_ Figure IV.13. The plasmas, as viewed by the spectrograph, were
roughly circular in shape. The elongated images are due to
different magnifications (dispersion and slit) in the two orthog-
onal directions. Figure IV.13c, recorded on RAR 2490 film, shows
A overlapping of the helium-like resonance (ls - 1s2p P) and

_E intercombination (1s? - 152p3P) Tines and lithium-like satellite
M ~h‘ne. Also indicated by the figure is the annular emission pat-
fii: tern often observed in x-ray pinhole photos for these plasmas.
_{3 . Figure IV.14 shows a broadband (0.8 to 2 keV) x-ray pinhole photo
AN of the plasma of Figure IV.13a. The maximum radius of the pat-
D tern is 1 cm, defined by the vigwing holes in the planar implo-
X sion electrodes. .

For the RAR 2490 records, the fi1m_wa§ developed according

to the recipe published by Benjamin, Lyons, and Day [39], and
j“Qf scanned with a microprocessor-controlled Perkin-Elmer diffuse
- microdensitometer. The optical density arrays were stored on
o magnetic tape and subsequently transferred to a PDP 11/60 disk
j;j« file for interactive processing. The results of processing were
: estimates of time-integrated two-dimensional space-resolved
o temperatures and densities [63] of the plasma sources.
To obtain these estimates, the raw optical density arrays
et were first edited into separate files for each spectral line and
;;ff recombination continuum, and corrected for background. Next, the
¥ optical densities were converted to areal energy densities at the
film using the published film response [39]. Finally, relative
-‘:f source intensities were determined by correcting for wavelength-
dependent crystal reflectivity (Figure IV.15) [64] and filter
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Figure IV.13. Space-resolved curved crystal spectrum: (a) Shot 4040 RAR 2490;
(b) Shot 5052, Medical No Screen.
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transmissions. Relative source line intensities for the transi-
tions 1s? - 1s2p, 1s - 2p, and 1s? - 1s3p of Shot 5052 are shown
in Figures IV,(16, IV.17, and IV.18, respectively. A one-dimen-
sional representation of the overlap of the helium-like resonance
line (7.757 A), intercombination line (7.806 A), and Tithium-like
satellite lines is shown in Figure IV.19; the lithium-like satel-
lites are much lower in intensity than the resonance and inter-
combination lines.

If the helium-like intercombination and resonance lines are
separated, or if the emission pattern is azimuthally symmetric or
obtainable from other lines, one can estimate the plasma density
from the intensity ratio [20,65]. By the latter technique, an
"average" ion density for most of the data is in the range 10!°
to 102% ¢m3 (ne = 1029 to 102! cm'3). It is possible to
use the nonstandard 013 KAP diffraction planes [66] to completely
resolve the resonance and intercombination lines.

As a first basis for evaluation, the lines 1s? - 1s2p, 1s -
2p, lszu- 1s3p, and 1s - 3p were matched to the line ratios of
Table II, supplied by D. Duston [67], based on optically thin CRE
calculations., As expected, no consistent matching was possible,
indicating that.opacity effects must be important.

Next, the spectral line ratios versus density and tempera-
ture plots shown in Figures 6-14 of reference [11], which include
opacity effects for uniform temperature and density spherical
plasmas, were used. Due to the sparcity of these theoretical
predictions for cases with nonnegligible opacity, we chose the
predictions for one density ("i = 10%° cm-s, or n,= 102 em 3
and thickness (500 wm) for the (ls - 2p)/(1s2 - 1s3p) and
s - 2p)/(1s? - 1s2p) ratios and compared these to our experi-
mental line ratios. The temperature map obtained from the former
ratio for Shot 5052 is shown in Figure IV.20. It is expected
that a more realistic density distribution (peaked on axis with

110




SO IO 2 AR
¢ A ./'. [ ~.’?=r-' P

Figure IV,16, Shot 5052 helium-l1ike resonance and intercombination
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Table IV.2

Selected Helium-1ike and Hydrogen-like
Alum1nqm Line Intensity Ratios from
Optically Thin CRE Calculations

N13 T; ls - zE ls - zE 55;_;_;532 1s - 3p
(ecm ) (ev) 1s - 1sp {s - 1lsp 1s - ls2p 1s - 2p
10t 100 2.566 x 10-10 1.676 x 10.8 1.531 x 10-2 6.006 x 10-3
1018 200  3.685 x 10-5 5.818 x m.4 6.33¢ x 10-2 3.082 x 10.2 |
1018 300  2.264 x 10-3 2,420 x 10-2 9.357 x 10.2 5.613 x 10-2
108 400  1.689 x 10-2 1.473 x 10-1 1.187 x 10-1 7.389 x 10.z
1018 s00 5.816 x xo.z 4,444 x 10.1 1.309 x m.1 8.745 x 10-2 )
102 100  3.018 x 10.9 1.365 x 10-7 2,210 x 10-2 6.035 x 10-3
1019 ° 200 1.928 x m.4 2.256 x 10-3 8.547 x 10-2 3.060 x 10-2
) 1019 300 8.388 x 10-3 6.964 x m-2 1.208 x 10-1 5.539 x 10-z
10?400 ; 4.858.x 10.2 3.479 x m-1 1.396 x 10-1 7.259 x 10-2
10'% 500 1.364 x 15'1 8.999 x 10-1 1.516 x m-1 8.559 x 10-2 )
1029 100  1.080 x 10.8 2.424 x 10.7 4,457 x 10-2 6.645 x 10-2
103® 200 6.925 x 10'4 5,080 x 10.3 1.363 x m-1 3.016 x 10-2
102 300  2.808 x m.z 1,757 x 10.1 1.598 x m-1 5,081 x 10.z
102° 400  1.431 x 10-1 9,243 x 10-1 1.549 x 10.1 6.383 x 10-2
10%° 500  3.501 x w-1 2,396 x 100 1,462 x 10-1 7.309 x 10-2
-9 -7 -2 -2
jk 103t 100 6.378 x 10_4 1,808 x 10_3 3.527 x 10.1 9.966 x 10_2

Ze

102t 200 5.927 x 10 5.107 x 10 1.161 x 10 4,336 x 10
-1 -1 -2
102t 300 3.163x 10 2.159 x 10 1.465 x 10 6.790 x 10
Q -1 -2
102! 400  1.933 x 10 1.370 x 10 1.411 x 10 8.114 x 10
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Figure IV.20. 2-D temperature map for Shot 5052, based on 1s - 2p/
1s2 - 1s3p('P) line ratio assuming n; = 3 x 1019
cm=3, 500 um radius.
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Ne = 1022 cm‘3) would yield a more pronounced dip in tempera-

(" ture on axis. The same procedure was used with the data from
L Shot 4040, resulting in the 2-D temperature plot shown in Figure
Iv.21.

For both shots (4040 and 5052), the inferred temperature
range is about 300 to 450 eV, For Shot 4040, the recombination
‘. continuum film exposure was sufficiently dense to allow calcula-
tion of a 1-D map of temperature obtained from the continuum
slope, as shown in Figure IV.22. From this analysis, the temper-
ature map exhibited a local minimum of about 260 eV on axis, and
- maximum of about 500 eV at a radius of approximately 4 mm. These
e temperatures were, in effect, "chord averages", since only one
- degree of spatial resolution was obtained from the continuum. A
better estimate of the azimuthally averaged radial temperature
profile could have been obtained by an Abel inversion technique,
I but was not done.
Lo - It should be noted that the calculated line ratios including
i ’ opacity were done for homogeneous, steady-state plasmas, and,
fﬁ therefore, did not include effects due to temporal and spatial
% - gradients. The latter problem has been addressed by Duston, et
g al., to a limited extent [17,19], but much more work needs to be
done. In general, the integrated spectra emitted by plasmas with
Z{ spatial and temporal temperature and density distributions are
weighted, and estimates of temperature such as we have presented
tend toward those for which the lines used are strongest. Thus,
we expect that our estimates are closer to peak temperatures in
time and axial position, since for these ranges, the A1l%*
A112* Yines are increasing in strength with temperature.
Clearly, simultaneous radial-azimuthal and radial-axial space-
and time-resolved spectrograph data are needed to yield more
detailed information about the internal structure of these

IR

and

plasmas. Nevertheless, the results we have obtained are
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Figure IV.21. 2-D temperature map for Shot 4040, based on 1s - 2p/
1s2 - 1s3p(1P) line ratio assuming nj = 3 x 1013
cm=3, 500 um radius.
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spatially more detailed than any other studies of this kind of
which we are aware, and the trends indicated are in agreement
with 2-D MHD code simulations, such as shown in Figure IV.23.

D. Time-Resolved Spectroscopy
An attempt has been made to develop the capability to time-

resolve the space-resalved aluminum K-shell spectra shown in this
report. The basic idea is to replace the photographic film
recording medium with an optical convertor. One can then use any
one of a number of high-speed photographic techniques to record
the spectral images with time resolution., We have chosen plastic
scintillators (e.g., NE102: NE111l) for the optical converter,
since they exhibit fast (< few nanosecond) relaxation times, and
their response to soft x-rays is well-documented. . The prelimin-
ary design called for an array of photodiodes to monitor the
temporal behavior of each of the major lines in the Al 1ls - np
series and recombination continuum, disregarding spatial resolu-
tion. A modified speptrogrdph-to aécomp1ish these measurements
is shown in Figure IV.24, Unfortunately, the SHIVA facility was
being upgraded from the time the instrument was assembled until
the expiration of this contract, and no data could be taken.
Subsequent plans included recording spectra with simultaneous 1-D
spatial and temporal resolution using a high-speed streak camera,
and, ultimately, full 2-D time-resolved spectroscopy with a fast
framing camera.

E. Summary

We have used dispersion imaging in conjunction with conven-
tional slit (one-dimensional pinhole) imaging with a convex
curved KAP crystal spectrograph to record time-integrated, two-
dimensional space-resolved K-shell spectra from highly ionized

AR
Qe

3

S Y

120

' 4
IR BAAA




U T I GURE

-~ 20-UHO PREDICTIONS OF -

-t IUPLODING LINER PINCH A\ imsaven —— 1080 N, cosToues

. STRUCTURE AT REPRESENTATIVE TIME ——

™ OURING RAGIATION PULSE L=~ QUALITATIVE DESCRAIPTION OF AREAL Plﬂ!.

-‘_'-. I \\ .
: PRV N AXIAL Muat

’ \
5 'l 'I f“ “ \ ('."‘0',
N SR B
L VLAY, g
AN \\ ‘\ ) :l' 'y ELECTROOE
<" __‘““AJ \\',c.l 222222

~|'"
e 1932 ELECTAGNS/ 00?
(a1

T, 188-218 oy

RERE: i eEet &
jr | |
%

( " - / HI :
AN P7777777—
. t PV Y ELECTROOE
U ! :
T \ ‘\\\ ':'.' } -
S \ N
~. \ Il’
._ AvAR 1]
v
ey Figure IV.23. 2-D {r - 3) MHD code code prediction of
isothermal and isodensity contours at time
- of SHIVA pinch.
=
L
-
i@
o 121







apatl ., 0T
e

L
XXX

.
.
LI ]

DhanY

RS '/‘.

.‘a v

s

L
'y

L)
]

L ]
(A
NN
PR e

)
1

-

e s Lal
* ] ).‘l:lll.‘.
S I )
I Y

i R
Y -

K

. '
o

« -(I )
»”

[ Sury

[

. »

222"
LAYLAA

12k}
.

Fhr o)
]

-

Dl

--------

aluminum plasmas. Ray-tracing techniques have shown that for
spectrally isolated lines in the 1s - np hydrogen-like and
helium-like series, dispersion mapping is linear over typical
parameter ranges for SHIVA extended plasma sources. We have
taken the most current line ratio analysis calculations, includ-
ing opacity effects, and made semiquantitative estimates of two-
dimensional temperature and density distributions of SHIVA plas-
mas. These estimates, 10 ° to 1029 cm~3 ion density (10%° to
'1021 cn™3 electron density) and 200 to 500 eY temperature, and
their distribuions, are in agreement with two-dimensional MHD
computer simulations. Further details of the work in this
section are presented in reference [68].
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